Abstract The rate-limiting step in anaerobic digestion of organic solid waste is generally their hydrolysis. A size reduction of the particles and the resulting enlargement of the available specific surface can support the biological process in two ways. Firstly, in case of substrates with a high content of fibres and a low degradability, their comminution yields to an improved digester gas production. This leads to a decreased amount of residues to be disposed of and to an increased quantity of useful digester gas. The second effect of the particle size reduction observed with all the substrates but particularly with those of low degradability is a reduction of the technical digestion time. Furthermore, the particle size of organic waste has an influence on the dewaterability after codigestion with sewage sludge. The presence of organic waste residues improves the dewaterability measured as specific resistance to filtration but this positive effect is attenuated if the particle size of the solids is reduced.
Introduction
Organic solids are present in very large quantities as products or waste from the agriculture, food industry, household and many other fields. The disposal of organic waste can be realized using biological processes like anaerobic digestion or aerobic composting. The anaerobic digestion has advantages in comparison to composting such as a better handling of wet waste, the production of useful digester gas and the attenuation of smell.
In the anaerobic degradation of organic solids, hydrolysis of the particulate compounds is the rate-limiting step (Eastman and Ferguson, 1981; Noike et al., 1985; Pavlostathis et al., 1988) . Influencing this effect is possible by modifying the properties of the materials by comminution. This mechanical treatment releases cell compounds and creates new surfaces where biodegradation can take place. So an improvement of the biological hydrolysis can be expected.
The comminution as pre-treatment before a biological degradation has already been investigated with excess sludge of a wastewater treatment plant (Müller et al., 1998) . The results are an accelerated and increased degradation of the organic compounds. Consequently, the digestion time and the amount of digester effluent sludge can be reduced and the yield of biogas can be improved.
The aim of the research activities presented in this paper is to determine the influence of the comminution of several organic materials on their biodegradability under anaerobic conditions.
Materials and methods

Substrates
The following criteria were selected for the choice of substrates: the different materials must have a different composition and structure so that they represent an extended field of substrates with organic origin. Selected substrates and their properties (content of dried solid (DS), content of volatile solid (VS), content of protein, fat, carbohydrate and fibre) are summarized in Table 1 .
The first substrate was a mixture of apples, potatoes and carrots with a third each. This sample contains representative components of the household organic fraction. The further substrates were meat with a relatively high content of proteins and fat, sunflower seeds with a high fat content, fallen maple leaves and hay stems with a high fibre content. In the first phase of this study, substrate mixtures were limited to rule out interactions between different materials.
Comminution
The different materials were ground by several machines with or without adding water as presented in Table 2 . The particle size distribution of the sunflower seeds and the maple leaves has been determined by dry sieving. The mean particle size (x 50 ) is shown in Table 2 . Assessments of the hay comminution results were based on the measurement of the concentration of dissolved substances. Therefore, ground and untreated samples were centrifuged for 10 min at 10,000 g, then filtered through a 0.45 µm cellulose acetate membrane (Sartorius) in order to measure the Chemical Oxygen Demand (COD) of the solution (measurement according to DIN 38409 H41). The COD was also referred to the maximal COD to define the degree of COD release DR COD (Eq. 1). COD max corresponds to the chemical oxygen demand to oxidize the whole sample before centrifugation and filtration. This parameter has been calculated for each material using its fat, protein and carbohydrate content.
Anaerobic digestion
After the comminution the substrate has been digested in 1 l batch reactors. Each digestion experiment has been carried out in triplicate. The reactors were kept at 35ºC in a water bath. The samples were seeded with digested sewage sludge from a municipal wastewater treatment plant which has been additionally digested over a period of 50 days before their utilisation in the experiments. Major characteristics of this seeding sludge (SS) are a dried solid content of about 13 g/kg and a volatile solid content of about 8 g/kg.
Both, the dried solid content and the volatile solid content of the substrates and of the seeding sludge were measured before and after digestion. The digester gas quantity of each 818.4 (1) 870 (3) 800 (3) 100 (3) 20 (3) 545 (3) 270 (3) ( 1) (1) sample was measured daily by liquid displacement. With the help of these data, a balance over the whole process was established and the following parameters were calculated:
• the digester gas production V g,in , defined as the digester gas quantity referred to the feed mass of volatile solids, • the degree of degradation η VS , calculated as indicated in Eq. 2 (m VS =mass of volatile solids).
The term ∆m VSss corresponds to the variation of the mass of volatile solids in the reference sample. This sample contains no substrate and was used to measure the degradation of the seeding sludge (SS) itself.
Specific resistance to filtration
After digestion, samples have to be dewatered before further use or disposal. In comparison with samples containing sewage sludge only, the presence of organic residues in sewage sludge may influence the dewatering process. To investigate this aspect, the dewatering properties of several digested samples containing hay and sludge have been investigated. Hay stems have been ground with a flour mill without addition of water and then they have been divided into three size fractions by sieving (1600>x 50 >630 µm; 630>x 50 >200 µm; 200 µm>x 50 ). A sample of each fraction has been mixed with excess sewage sludge and digested under anaerobic conditions for 20 days. Then the sample has been filtered with pressure filtration at 5 bar. The measurement of filtrate flow and filtration time enables the determination of the specific resistance to filtration, which is used to characterize the dewaterability of the samples: the smaller the specific resistance to filtration of the sample is, the better is its dewaterability concerning filtration.
Results and discussion
Comminution results Figure 1 shows the effect of comminution of hay stems using a cutting mill with and without water and a stirred ball mill. The consumed energy referred to the solid mass is defined as 
the specific energy and was used for comparison of the different machines. The comminution progress, described by the degree of COD release DR COD shows that the greater the energy input is, the greater the COD release is. Furthermore, the sample state (suspended or not) seems to have no large influence on the comminution results.
Influence of the comminution on digester gas production
Effects of comminution such as improvement of digester gas production by a mechanical pre-treatment and corresponding degradation levels η VS of the untreated samples depend on the substrate as shown in Figure 2 . Due to these results two kinds of substrates can be distinguished. The influence of the comminution on the digester gas production is not significant in the first group including the mixture of apples, carrots and potatoes and meat. This refers to the very good biodegradability of these materials (95% and 88%, respectively) resulting from material composition and structure (small content of cellulose and lignin). The untreated substrate can be degraded by the micro-organisms sufficiently so that the comminution does not lead to a further improvement of the availability.
The second group including materials with a higher fibre content such as leaves and hay stems reacts differently. Their levels of degradation are about 50% without mechanical pretreatment. The digester gas production could be increased up to 20% by comminution depending on the state of the ground sample. These results lead to the assumption that the comminution does not only release usable cell compounds in a more easy and rapid way but also supports the hydrolysis of the solid compounds in the long term.
This important influence of comminution on the digestion of materials with a high fibre content is related to the generation of further substrate surface and to the reduction of material structure. By this way, areas which were difficult to reach for micro-organisms and enzymes become accessible and cell compounds from these areas are released. In the case of sunflower seeds, the comminution destroys the outer protection layer of the seeds causing a better accessibility for the micro-organisms. The technical digestion time is defined for each substrate as the time needed to produce 80% of the maximal digester gas production (Roediger et al., 1990) . The maximal digester gas production of a substrate is measured experimentally: it is the digester gas production reached by the most productive sample of the respective substrate at the end of digestion. The end of digestion corresponds to the time when the gas production is near to zero. The technical digestion time has been plotted in Figure 3 for different substrates without and with comminution.
The comminution leads to a significant reduction of the technical digestion for all substrates. It is noticeable that the most important reduction occurs with the substrates which need a long to time to be digested. The comminution enables in this way a harmonization of the digestion times in case of a heterogeneous feed consisting of materials with different digestibility. In terms of technical application, it is possible to reduce the digester tank volume and the costs without a loss in the degree of digestion.
Relation between the specific surface of the material and its degradability
To describe roughly the kinetics of digestion, several assumptions were made. The solid hydrolysis is described as a first order reaction with respect to the concentration of organic compounds (Eastman and Ferguson, 1981) . A further assumption is that the hydrolysis is the rate-limiting step in the degradation chain (Eastman and Ferguson, 1981; Noike et al., 1985; Pavlostathis et al., 1988) and that soluble hydrolysis products do not accumulate in the reactor (Eastman and Ferguson, 1981) . As a result the course of the digester gas production V g,in can be described with Equation 3. In this equation V g,in,end corresponds to the digester gas production of each sample at the end of the batch process and k is a kinetic constant.
The derivation of Equation 3 yields for time t=0 to V g,in, t=0 (see Equation 4 ). V g,in, t=0 corresponds to the feed specific digester gas flow at the beginning of the process. 
This initial, feed specific digester gas flow has been used to characterize the acceleration of the digestion at the beginning of the batch caused by size reduction. The higher this value is, the quicker the biological process is and the higher the efficiency of comminution is. For this purpose hay stems have been ground with a flour mill without addition of water. The hay has then been divided into several size fractions by sieving. To characterize the several fractions, the particle size distribution of each fraction has been measured and the specific surface A m referred to the mass has been calculated from each particle size distribution. Afterwards the fractions have separately been degraded with digested sewage sludge under anaerobic conditions and the digester gas production has been measured. Figure 4 Influence of the specific surface on digester gas production after 21 d and initial, feed specific digester gas flow (confidence interval at 95 % probability) Figure 4 represents the digester gas production after 21 days and the initial, feed specific digester gas flow as function of the specific surface A m for the different hay fractions. As shown in Figure 4 , an increase of the specific surface leads to a higher digester gas production and to a higher initial gas flow. In opposition to the results of other authors (Hills and Nakano, 1984) , the increase of the digester gas production is not linear with respect to the specific surface. The measurements presented in this paper show that the influence of the comminution is smaller when the particles are smaller, respectively the specific surface is bigger. The discrepancy between measurements of Hills and Nakano (1984) and those presented here can be explained by the different substrates (Hills and Nakano used tomato solid wastes) and/or by the different particle size range (particle size of the tomato residues varies between 1.3 and 20 mm, specific surface reaches values up to 10 m 2 /kg).
Specific resistance to filtration
The presence of hay stem residues in the digested sample leads to reduced specific resistance to filtration in comparison with samples containing digested sludge only, as presented in Figure 5 .
These improved dewatering results can be attributed to a reduction of the compressibility of the filter cake caused by the organic structure material. However, the significance of this improvement decreased when the particles were fine ground, so that the research for the optimum particle size has to consider digestion aspects as well as dewatering consequences.
Conclusions
These investigations demonstrate two positive effects of the comminution of organic solids on their biodegradability under anaerobic conditions. Substrates like maple leaves and hay stems containing a large percentage of fibres which are difficult to digest, show a clear improvement of the digester gas production as a result of the comminution. This improvement leads to a reduction of organic waste and to an increased quantity of useful digester gas.
The second effect occurs with all the substrates and particularly using substrates which are not easy to digest. A clear reduction of the technical digestion time can be achieved as a Figure 5 Influence of the presence of hay residues on the specific resistance to filtration after digestion in comparison to a pure sludge sample result of the comminution. The main advantage is the possibility to harmonize the digestion time in case of a heterogeneous input and to reduce the required digester volume.
The specific resistance to filtration of sewage sludge after digestion is reduced by the presence of hay stem residues in the sample. But since this effect is reduced when the particles are fine ground, a compromise has to be found considering a better degradability of the substrate and a better filtration characteristic after digestion.
An economical study of the process with integrated comminution before degradation under anaerobic conditions has to consider the investment for a mill and the supplementary energy costs but also the reduction of disposal costs, the reduced reactor volume needed and the energy savings caused by increased digester gas volume. Because of the laboratory scale of these investigations, it is not yet possible to predict the energy costs for large scale plants. Therefore further investigations are necessary.
